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Effects of Magnetic Order on the Superconducting Length Scales
and Critical Fields in Single Crystal ErNi,B,C
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The flux line form factor in small angle neutron scattering and transport data determines the
superconducting length scales and critical fields in single crystal,Bsi. For H || ¢, the coherence
length¢ increases and the penetration depttiecreases when crossifig = 6.0 K, the Néel transition.

The critical fields show corresponding anomalies riéar For H 1 ¢, the fourfold modulation of the
upper critical fieldH,, is strongly temperature dependent, changing sign figaand can be modeled
using the anisotropy of the sublattice magnetization. [S0031-9007(99)08514-2]

PACS numbers: 74.60.Ec, 74.25.Dw, 74.25.Ha

A rich vehicle for studying the interplay between su- line lattice (FLL). Small-angle neutron scattering (SANS)
perconductivity and magnetism is tHRE)Ni,B,C sys- experiments separate superconductivity, via the FLL peri-
tem [1], with Ty /T. varying from 0.14(RE = Tm) to  odicity, and the magnetic order, with a typically much
1.6(RE = Dy) across the rare earth series [2]. This rangesmaller periodicity than the FLL, in reciprocal space, al-
means that the salient energy scales for antiferromagnetiowing them to be studied independently. The intensity
order and superconductivity can be explored in both limitsof the FLL Bragg reflections is determined by the struc-
T. < Ty andT. > Ty. ForT. > Ty, the antiferromag- ture of the individual flux line through the form factor.
netic transition occurs within the superconducting stateThis form factor involves the superconducting penetra-
In this case, it is interesting to examine the interplaytion depth A, which determines the range of the mag-
between superconductivity and magnetism in the critinetic field around an isolated flux line, and the coherence
cal regime neafly. Fundamental to this interplay and, length ¢, which determines the size of the core of a flux
indeed, to understanding the superconducting state in gefine. Using these independently measured length scales
eral, are the superconducting length scales: The coherenee have calculated the critical field$.,, H.,, and H..
length &, the penetration depth, and the superconduct- For fieldsH || ¢, all of these data show distinct signatures
ing critical fields, including the lower critical field.;,  on crossing througlfy. We have made a comparison of
the upper critical fieldH.,, and the thermodynamic criti- the change i, to the predictions of a weak critical di-
cal fieldH.. vergence of the pair breaking parameter. Horl ¢, we

In magnetic superconductors, however, oy, can  have studied and modeled the influence of the magnetic
be easily measured using transport data [3]. Magnetizasrder on the in-plane anisotropy £f,,.
tion and specific heat data, used to determiig and Our sample was a single crystal [4] of EsB,C
H,, are typically dominated by the response of the magincorporating B! to enhance neutron transmission. The
netism, particularly in large moment systems such asample was an irregular platelet 1.3-mm thick and approxi-

(RBE)Ni,B,C. mately11 X 8 mm in size. For the neutron experiments,
In this Letter, we have studied single crystal EXBIC  the sample edges were masked with Cd, leaving a rect-
[4], a strongly type-ll(x ~ 5) superconductor witl, =  angular region10 X 7 mm exposed. The FLL was

10.5 K and, well belowT., a magnetic transition [5] at imaged [6] using the SANS instrument at Risg National
Ty = 6.0 K, in an incommensurate, transversely polar-Laboratory. Briefly, a magnetic field is applied roughly
ized spin density wave with = 0.5526a*. For strongly parallel to the incident neutron beam, whose wavelength is
type-ll superconductors, most of t&-T plane is occu- 6 < A, < 11 A. The neutrons are Bragg scattered from
pied by the mixed state, wherein the material is permeatethe magnetic field pattern of the FLL and counted by an
by an array of quantized flux lines. In the mixed state,area detector at the end of a 6 m evacuated chamber. For
the superconducting properties are controlled by the fluxH || ¢ the FLL was square over the range of this study,
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H =1-10kOe andT = 3-8.5 K. In this case, the Ty, which may, in part, account for this discrepancy.
reflectivity of the first order FLL Bragg peaks, cal- Second, we have calculated the lower critical field from
culated from Ginzburg-Landau (GL) corrections to H.; = (¢o/4mA?)[In k + 0.5] as shown by the open
the London model [6], iSR = (27y,2t/16¢3q)H}, squares in Fig. 2. As stated in the introduction, these
where vy, is the neutron gyromagnetic ratio andis are the first data orf., in this system. To simplify
the sample thickness. The flux-line structure con-Fig. 2, we have omitted error bars on tHg, data, which
tributes to the reflectivity through the form factor are comparable in relative magnitude to those shown for
Hy = (¢o/A?) (372 exp(—272BE2/dg).  Our data H.,. The decrease in is the dominant contribution to
consist of the field dependence Bf averaged over four H.; nearTy, giving rise to the upward cusp in our data.
first order reflections, which we used in conjunction withWe can also combine the data anand ¢ to determine
the reflectivity formulas to determing(7) and £(T) as  the dimensionless Ginzburg-Landau parameter A/¢
shown in Fig. 1. The low temperature results;- 700 A as shown in the top panel in Fig. 3. This value has a
and £ ~ 150 A, agree with the literature [4,6]. Both remarkable temperature dependence, dropping more than

parameters show pronounced features fgar 20% nearTy, and also assuming a generally lower value
Near a magnetic transition, one expett® be reduced in the magnetically ordered state.
by both the susceptibility [7] as& ~ Ao/(1 + 4 x)"/? The thermodynamic critical fieldd. is one of the

and the mean free pathas A = Ao(1 + &/¢)"/2. Nei-  most fundamental properties of the superconducting state,
ther effect, however, explains our data. First, publishedis it can be related either to the difference in the free
data [4,5] for the susceptibility give a result over an energies between the normal and superconducting states
order of magnitude too small to account for the featureor to the superconducting energy gag7). We have
in our data. Second, normal state transport data show [4heasured both magnetization and specific heat on this
only a smooth evolution of, it being temperature inde- sample, but determination off, in these experiments
pendent abov&y and gradually increasing by 30% below was inconclusive in the presence of the magnetic signal.
Ty. This does not, then, explain our sharp features neafhis underscored the unique role of SANS data in
Tn. The coherence length(T) is similarly affected [8] understanding the thermodynamic aspects of the interplay
by ¢ asé~! = &' + ¢71. Again, this expression does of superconductivity and magnetism. The diamonds in
not account for our data nedy. the bottom panel of Fig. 3 show the SANS data for
We have used the length scales measured in our SANthe thermodynamic critical field using the GL formula
experiment to calculate all of the superconducting critical.(T) = ¢o/[2v/2 7 &(T)A(T)].
fields. First, the upper critical field is calculated using Our data forH. show a pronounced reduction né&ay.
H., = ¢o/2m&? as shown by the open triangles in Fig. 2. In the inset of Fig. 3, this region is shown in an expanded
The solid line is the transport data [4], using pieces cuscale. The dashed line, which accurately describes the
from the same sample and an onset resistance criterioflata in the paramagnetic regime, is the mean field result
Above Ty, the two types of data to determinH., [8], H.(T) = H.(T = 0)[1 — (T/T.)*]. Reductions in
coincide exactly. Neafy, both types of data show a H. near magnetic transitions were previously treated
comparable drop inH.,, but the SANS data increase theoretically [9] from the standpoint of pair breaking.
more strongly at low temperatures. The difference inNearTy, one generically expects magnetic fluctuations to
these two measures in the magnetically ordered state is
still unclear. However, there is a change in the shape

of the resistance isotherms used to deternfifie below 08
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Temperature (K) FIG. 2. Shown are the temperature-dependent superconduct-

ing critical fieldsH., andH,;. The upper critical fieldZ., (A)
FIG. 1. Shown are the temperature dependencg, dhe su- determined from the SANS data usi&fy, = ¢,/27 &% agrees
perconducting penetration depfhl), and ¢, the superconduct- exactly with transport data (line) abovey, but shows some
ing coherence lengtf\), as measured using the flux line form deviations in the ordered state. The lower critical fiéld,
factor in a SANS experiment. Both quantities show distinct(CJ) defined byH., = (¢¢/47mA?)[In k + 0.5] shows a slight
features neafy. increase neafy.
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6 7 8 9 FIG. 4(color). Shown is the anisotropy of the upper critical
T(K) field for H L ¢ from transport data. In the lower panel are

rough data along two principal directions. These data are
FIG. 3. Top: shown isc = A/¢ from the SANS data, which marred by misalignment relative to theaxis. Shown in the
shows a strong reduction nedly, and an overall reduction inset is the full solid body rotation data fd{., at 7 = 2 K,
in the magnetically ordered state. Bottom: shown is thewith the in-plane oscillations magnified for clarity. In the
thermodynamic critical fieldH.(T) = ¢o/[2v2 w&(T)A(T)] upper panel, the open circles are fits to the fourfold in-plane
determined from the SANS data, which should not be affectedomponentH.,(6) = H.[1 + y cod46)]. The solid line is
by changes in the transport mean free path. In the inset, théhe phenomenological model described in the text.
region neafly is expanded and two fits are shown. The dashed
line is the mean field result, which accurately describes the data
aboveTy. The solid line includes the theoretically predicted
correction due to the weak divergence of the pair breakindoy about 0.5 K atH., [4]. ErNi,B,C is a tetragonal

parameterp. crystal, so the leading order correctionf, in the a-b
plane is of the form cdg#), whered is the angle in the
plane. The cag#) term, if it has sufficient magnitude,

increase the pair breaking parameter For the case of will stabilize [12] a square FLL in the vicinity off.,.

partial Fermi surface nesting, the detailed prediction [9] To understand this term in more detail, we used a two-

is a weak critical divergence = p(T = 0) + Ap[(T — axis platform to perform full solid body rotations of the

Tn)/Tn]®"!, where o is the specific heat exponent. field while measuringH.,. An example of such data

Since our data are rounded neBy, we fix @« = 0.13, atT = 2 K is shown in the inset of Fig. 4, where the

the 3D Ising value [10]. For weak pair breaking [11], in-plane oscillations have been magnified for clarity. In

the effect on the critical field is in the prefactor, with addition to the in-plane oscillations we describe here, note

H.o(T = 0)/H.(T =0) =1 — 0.577%p, where we use thatH., shows a distinct cusp along tleeaxis, which we

H.y to denote values belowy. We normalize taking were unable to understand within a simple effective mass

H (T = 0) from the data abov&y and combine all of approximation [13]. Two ac current directions,|| a

the above formulas to get the solid lines in the inset. Taand I £ (45°), were used and found not to influence

get a good fit to the data, we have set the amplitdige H.,. However, precise alignment relative to the field

of the divergent contribution to the pair breaking to beis extremely important as the 40% greaféf, in the ¢

a factor of 10 larger below’y than above. Outside of direction produces a c@¥) term which can dominate

a rounded region with 0.5 K of the Néel transition, thethe 10% in plane anisotropy when the sample is only

fit is quite good. This rounding is about the same as iraligned by eye at room temperature. Shown in the top half

measurements [5] of the magnetic order. These data, araf Fig. 4 is the expansion coefficied{,, = H.o0[1 +

specifically the divergent component pf, are the first 7y cog946)] extracted from the solid body rotations. Note,

measurements of pair breaking near a magnetic transitioffirst, the term is strongly temperature dependent below
For fieldsH 1 ¢, H., was determined from transport Ty. Second;y actually changes sign ne&y.

data. Small-angle neutron scattering experiments in this We describe the effect of magnetic order on the

geometry were obscured by the Er absorption crosél., anisotropy using a simple phenomenological model.

section and the crystal geometry, so omlf, could Superconductivity disappears due to a net internal field
be determined. Data for the field along two principal B.»(T), which is related to the external field i&.,(T) =
directions in the plane, [100] and [110], are shown in theB.,(T) — 4w M(T,0). B.(T) does not depend on any
lower panel of Fig. 4. These results were found not toanisotropy due to the magnetic order, and, for fields in the
depend on the direction of the transport current in thisbasal plane, normal state rotation data imply thatdoes
geometry. For fields perpendicular tQ Ty is reduced not have any cdg6) anisotropy. In the expression for
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H.,, M is the uniform magnetization induced by rotating pair breaking parameter neBy. We have also seen how
the sublattice magnetization through an angle i.e., the antiferromagnetic order changes the in-plane fourfold
M = 2M; sin(p). We first find a relation betweefhand  modulation ofH.,, which affects the stability of the ubig-

¢ by minimizing the free energy uitous [14] square FLL seen in these compounds.

F =aM?/2 + 3[B) + B, sind(¢)]M* — M - H (1)

with respect tap using the above expression faf. Here

a and theg’s are all positive. Calculating and adding  [1] P.C. Canfield, P.L. Gammel, and D.J. Bishop, Phys.
the contributions of the two orthogonal domains which are  Today51, No. 10, 40—46 (1998).

present in these twinned samples belBy we find [2] B.K. Cho, P.C. Canfield, and D.C. Johnston, Phys.
Rev. B52, R3844 (1995).
He(0,T) = Beo(T) — aoHe2(60,T) [3] H.C. Hamakeret al., Solid State Commun32, 289
+ 3H3 (T, 0) cod40), 2 (1979); Q. Fischeret al., J. Phys. (Parisp0, C5-89
(Bo/a")H s ) cod49) 2) (1979); G. Zwicknagl and P. Fulde, Z. Phys. 48, 23
whereag and By are simply related to the coefficients in (1981).

(1). Assuming small rotatiorp, or, equivalently, small  [4] B.K. Choet al., Phys. Rev. B52, 3684 (1995).

additional anisotropyH.»(7, 6) in the right-hand side of [5] J. Zarestkyet al., Phys. Rev. B51, 678 (1995); S.K.

Eq. (2) may be replaced bB.(T). Then the leading Sinhaet al., ibid.51, 681 (1995); J.W. Lynret al., Phys.

anisotropy term is proportional t®>,(T) cog46). In Rev. BS5S5, 6584 (1997).

the top panel of Fig. 4, we show the fit to this form [ U.Q(Iaéron et all.,Nr?ture (London)382, 236( (1995’); M.R.
. A L Eskildsenet al., Phys. Rev. Lett78, 1968 (1997).

over t_he entire temperature range, although the derlvatlorh] K.E. Gray, Phys. Rev. B7, 4157 (1983).

is strictly valid only below Ty. Clearly, we get an

e ; [8] M. Tinkham, Introduction to Superconductivit{Krieger,
excellent fit with the overall magnitude used as a free " \jajabar, FL, 1980).

parameter. In principle, further measurements of the[g] T.v. Ramakrishnan and C.M. Varma, Phys. Rev28
anisotropic magnetic susceptibility beldy should allow 137 (1981). In Eq. (2.12), the exponent has a sign error.
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